An empirical constraint for the determination of the force constants of a General Valence Force Field for the tetrahedral halides with the general formula AX4 W (where A = an element of the groupe II, III, IV, V and VI; X = F, Cl, Br and I and n = +1, 0, -1 and -2) is presented. The model is defined by a constant value of the parameter p= (/t -/tt) / (/t + 3/tt). The optimum value, p = 0.73, obtained for the mixed halides of chlorobromomethane is compared with those calculated from other force fields commonly used.
I. Introduction

Definition of the parameter p
An original method 1 of calculating the vibrational frequencies of mixed halides from the frequencies of the simple halides in the series SiX4 , GeX4 , SnX4 and BX4 has been successfully applied to fifty tetrahedral halides of the general formula AX4 W where A = elements of the group II, III, IV, V and VI; X = F, Cl, Br and I and n = + 1, 0., -1 and -2. This method is based on the knowledge of an unique parameter p with an optimal value of p = 0.73 [1] [2] [3] [4] .
The parameter p is expressed either as a function of the internal force constants ft and At or as a function of the symmetric force constants Fn (Aj) and The knowledge of the effective value of p is then sufficient to permit us to determine all the force constants by use of Equation (1) . (For expressions of F and G see Ref. 5~8 .)
Mathematical expression for p
It is possible to give an expression for p when one uses the general bi-parametric form of the force constants [9] [10] [11] . For example, the elements of the F(F2) matrix are given by 
(i) t/;34 is the molecular kinematic coupling coefficient 9 between the two symmetry coordinates S3 and S4 defined by sin 2 y>34 = -G34/ (G33 • C44) Vj (3) (ii) a34 is the free parameter [9] [10] [11] [12] [13] which permits one to generate all of the F(F2) matrices in such a way that the frequency parameters X3 and l4 are the eigenvalues of [G(F2) ~F(F2) ]. However, the range of variation of a34 is limited by the application of the energy criterion 9-11 ' 13 and the values of the energy distributions of the vibrations 11_14 .
Thus by using the expression of F11(A1), one obtains p(a,y,s) = {Xz-Xi)l2X1 [$84 + cos 2 (2 y84 --a34)] (GnG44)/G
where G = G33 G44 -G34 2 and s34 = (/3 + X4)/X3 -X4) .
The range of variation of p(a) is then limited by p.nax = p(0) = (X3 + X4) /2 ).t [ (ä34 + cos 4
and
The parameter p is a function of (i) t/'34 which defines the kinematic coupling of the molecule related to the matrix G(F2),
(ii) s34 which defines the coupling between the frequency parameters X3 and 14 , and (iii) a34 which defines the different F(F2) matrices which are in agreement with the inverse vibrational problem. However, one and only one value of a34 corresponds to the physically acceptable solution n .
The fixing of a value of p corresponds to a new model for force field 1 . The optimum value of this parameter, p = 0.73, has been determined by Cerf in previous papers [1] [2] [3] [4] in such a way as to obtain the best agreement between the calculated and the observed vibrational frequencies of the spectra of the mixed halides 1 (precision 2% for p = 0.73 i 0.1).
In a similar way as for p, it would be also possible to define as parameter 1 4 
However, the actual determination of the numerical value of K is more difficult in this case due to the fact that a greater error is involved in the measurement of the vibrational frequencies v2 and v4 .
II. Comparison of Some Force Fields with the Present Model
With the mathematical properties of p given, it is 
This condition can be written in a more general sense as Rmm = || f -f (0) 15 17 .
(b) The non-iterative methods (i) The model L (0) of Alix 11-13 > 32 This model has been studied in different equivalent forms by a number of workers [26] [27] [28] [29] [30] [31] [32] and is a good approximation to the actual physical solution in the case of weak kinematic coupling [10] [11] [12] [13] [14] (i. e., ' sin 2 xp | 1). Different forms of the model are summarized below: 26 ), Ltj = 0, Xj> Xj, i<j; "progressive rigidity method" (Larnaudie 27 ), L34 = 0, approximation method of Müller 28 in the second order case [25] [26] [27] , F44 = min (Strey 29 ' 30 , Müller 28 i. e., the symmetry coordinates S; contributes only to the normal coordinates Qj from the energy point of view. This model corresponds to a -0 and gives the maximal value of p compatible with the energy criterion 9 ' 11-13 [see Equation (5)].
(ii) Solution of Becher and Ballein 33 
This solution is only defined in the particular cases of second order with a stretching and a bending frequency. In this case the solution imposes that the energetic contribution of the bending force constant is compensated by the interactions (stretchingbending). Thus, Vg = 1, V&> = -(V ( 3 3 4> +V$) + 0.
Recently, Hüffler 34 has applied this solution to some halides AX4 for the determination of their force constants and for the calculation of the frequencies of the mixed halides. This new empirical model, recently proposed by Alix 1121 ' 35 , is very convenient for the molecules which are characterized by strong kinematic coupling (with 0.35 < j sin 2 xp | <0.95). This is the case for almost all the molecules studied in the present paper (see Tables) .
This model is defined either by the general expression 1 34 («34*) = C(^34> min + r 34 (^44) minl/2 (8) from which one deduces
or by the parametric expression derived from Eq. (2) which leads to
Modified Valence Force Fields (MVFF)
(a) MVFF of Uhlig 36 Uhlig uses the constraint F3i = 0, which defines a Simplified Force Field in the symmetry coordinates. However, this condition is not always compatible with the inverse vibrational problem [9] [10] [11] [12] [13] [14] 32 . If one applies this condition one obtains sin 2 (a34 -v'34) = -s 34 sin 2 xp3i .
In the case of the tetrahedral tetrahalomethanes the Eq. (11) is not fulfilled.
(b) MVFF of Meister and Cleveland 6
It is defined by the constraint /tt = 0 which corresponds to p = 1 as in the case of the Simple Valence Force Field. This value is a disagreement with all of the results obtained for the fifty halides studied and for which pmax < 1« (c) MVFF of Pi st or ius 37 The value of the interaction constant ftt is obtained by equating the elements Fn from the matrices corresponding to the Simple Urey Bradley Force Field and the General Valence Force Field. Thus, ft = K, /tt = (4/3)F. This condition cannot be applied to the tetrahalomethanes because the value of p obtained does not lie in the range of the permitted values *. III. Results
Model Force Fields
Tables 1 -7:
Comparison of the different force fields is given in Tables 1 to 7 for the fifty halides AX4 (the structure has been assumed to be tetrahedral). The compounds are classified according to the group of the central atom in the periodic table.
The values of p are obtained from data on frequencies and or force constants given in Ref. 17 ' 19-20 > 34 . In each case we give, .
Column 3: pm;n = value of the parameter corresponding to the force field defined by F34 = (F34)min and given by Equation (6).
Column 4 to 8: The value of p obtained from the calculated force constants in the cases of the U.B.
F.F. 38 , O.V.F.F. 23 , Fadini's method 18~20 . Logarithmic steps method 17 ' 21 and the model L® 9-14 that gives in particular pmax [ see Equation (5)]. The ? indicates that the sign of the calculated force constant is in contradiction to that expected from the application of the force field used 15~17 .
Column 9 to 12: the results of the application of the empirical force field for strongly coupled molecules (S.C.M.F.F.) 32 ' 35 have been summarized in these columns as follows: 9: p* is the value obtained from the general relation (9). 10: ! a34* is the absolute value of the angle deduced from the parametric relation (10) . The sign of a34* is negative for all the molecules studied in this work. 11:
is the value of the energy coupling, i.e., the contribution A/3 (4) of S3 to Q4 (or M4 (3 \ contribution of S4 to Q3) (see Refs. 9 - 14 ' 32 Calculated from Equation (9) . Calculated from Equation (10) . Potential or kinetic energy coupling (see Refs. [9] [10] [11] [12] [13] [14] . Unreasonable values are given in parenthesis. The ? indicates a sign contradiction (see text).
* During the preparation of this manuscript, a paper by above constraint, ft = K, is often very bad. This confirms N. Mohan, K. H. Schmidt, and A. Müller appeared (J.
the conclusions given in this paper. Mol. Structure 13, 155 [1972] ) which shows that the Table 1 . Table 3 . Simple metal halides of group IV a .
• ratio (p*/pmax) gives the particular value of the ratio of the force constants F33 given by the S.C.M.F.F.
to the force constant corresponding to the solution Lof non-energetic coupling (i.e., Afflj =0; i,7 = 3, 4). For instance we have given in Table 4 (iii) The empirical S.C.M.F.F. x ' 35 leads to a mean value of p* remarkably constant for a given group. In the case of the group IV we have found again the value pmean value = 0.73 proposed in the G.V.F.F. model of Cerf 1 based on the constraint p = constant. This optimal value of p was also numerically determined [1] [2] [3] [4] in the study of the halides where A belongs to the group IV.
2.
We notice that in the S.C.M.F.F., the mean values of the ratio [ (p*/pmax) mean value] well as the energy coupling [ W ^)%mean vaiue] are constants with respect to the group. Moreover, the value of (p*/Pmax) itself is nearly constant for all the fifty halides studied, i.e., the ratio of F33*/F33 (0) is a constant for the series of the simple halides studied in this work. This result is different from that obtained with the constraint p = 0.73. Table 7 gives the comparison between these two models.
(iv) The model of the G.V.F.F. defined by p = constant 1 can be developed in a similar way 1 for other molecules belonging to different symmetry groups. In particular, for the boron-halides BX3 (D3h) the study of the frequency calculated for their mixed halides for different values of p, leads to an optimal value of p = 0.70, which is nearly equal to the mean value between p = 0.73 and p* = 0.66 (value obtained for the series BX3). The calculation based on the force constants of Shimanouchi et al. 39 , in the case of the U.B.F. At this stage, it is also important to note the limitations of the model based on the constraint p = constant (p = 0.73). In Table 8 we have given the values of p determined from the exact force field data for some AX4 (Td) type molecules. It can be immediately noted that the value of p is a constant only for molecules with the same type of chemical bonding. In other words the value of p [p = (/t -/«)/ (ft + 3 /tt)] depends on the nature of bonding. The value of p is nearly a constant for chlorides, bro- The precision of the frequencies calculated for the mixed halides from only the knowledge of the frequencies of the simple halides is 1% for p = 0.73 ±0.1. We recall that this "optimal" value of p is based only on a least-squares analysis of the frequency data and not on a least-squares analysis of force constant data. The U.B.F.F., the O.V.F.F., gives different values of p* for each group. So the S.C.M.F.F. being nearly equivalent to p = constant for the calculation of vibrational frequencies seems to be better for the calculation of the force constants.
